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We studied the consequences of cystic fibrosis trans- 
membrane  conductance  regulator (CFTR) expression in 
NIH-3T3 fibroblasts as a  model  for the effects of virally 
transduced CFTR expression in non-epithelial cells. Fi- 
broblasts were infected with a retrovirus vector that 
contained the human CFTR and neo’ cDNAs. We se- 
lected and  expanded  G418-resistant clones that  encom- 
passed  a  range of  CFTR expression.  CFTR-mediated C1- 
conductance function was  measured as whole cell cur- 
rent,  and CFTR protein  was  quantitated by  immunoblot 
analysis. Overall, there was  a  good relationship between 
CFTR protein levels and CFTR-mediated C1- conduct- 
ance. Some clones had consistently high basal levels of 
CFTR-mediated C1- conductance.  This  variation i func- 
tion was  partially  explained by  CFTR protein levels and 
was not  due to clonal  variation in C A M P  metabolism. 
High levels of CFTR expression were associated with 
depolarization of fibroblast membrane potential. The 
CFTR-expressing clones with the largest  basally active 
CFTR  C1- conductances  and the most  depolarized mem- 
brane potentials also exhibited slower growth rates. 
These results suggest that  potential side effects of gene 
replacement therapy for cystic fibrosis include func- 
tional consequences of CFTR expression in non-epithe- 
lial cells. 
Epithelial tissues of patients with the hereditary disease 
cystic  fibrosis (CF)’ lack  CAMP-dependent C1- conductance (1). 
This defect arises from mutations in the CF gene product, 
CFTR, an integral  membrane  protein that forms the C1- con- 
ductive  channel  required  for  CAMP-activated C1- secretion (2). 
The mutation of CFTR that causes  most  CF  disease, a deletion 
of a phenylalanine at position 508, may  cause  defective  protein 
processing that prevents  CFTR C1- channels  from  reaching the 
apical  membrane of C1--secreting epithelia (3). Accordingly, a 
major  strategy  to treat C F  is the introduction of normal  CFTR 
protein  into the plasma  membranes of affected  tissues of C F  
patients.  Among the approaches being vigorously  explored  to 
implement this strategy is integration of normal  human  CFTR 
cDNA into genomic  DNA of C F  affected  epithelial  cells  to  cause 
production of the normal  protein (1). Such strategies often  rely 
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upon  viral  vectors,  which  do  not target epithelial  cells  exclu- 
sively. In addition,  depending  on the efficiencies of the delivery 
system or the exogenous gene promoter  used  to  replace  CFTR, 
unnaturally large quantities of CFTR  may be produced in cells 
exposed  to  gene  transfer  vectors hat express  CFTR.  Thus,  both 
epithelial and non-epithelial cells may be caused to express 
CFTR at non-physiologic  levels.  Apart  from  the  desired thera- 
peutic  effect of replacing  defective CAMP-dependent C1- con- 
ductance  in  epithelial  cells, the consequences of CFTR  expres- 
sion at high levels or in  cells that do not normally express 
CFTR  have  not  been  considered. 
CFTRs  function as a C1- channel has been  extensively  stud- 
ied in heterologous  expression  systems, in which  the  protein 
was  overexpressed  on a low or nonexistent  level of endogenous 
CFTR (4-6). In the  present  study,  we  infected  murine NIH-3T3 
fibroblasts  with a retrovirus  vector  containing  normal  human 
CFTR cDNA and a neomycin resistance (neo’) gene. We ex- 
pected that random  insertion of the CFTR cDNA within the 
fibroblast  genome  would  result in variable  levels of expression 
due  to  positional effects. We obtained  five  neomycin-resistant 
clones that expressed a range of CFTR  function. We have  char- 
acterized  the  CFTR-mediated C1- conductance  function of these 
clones and correlated the results with both the quantity of 
CFTR  protein  expressed and cell  proliferation. 
MATERIALS AND METHODS 
Cells and Retrovirus Vectors-NIH-3T3 fibroblasts were cultured in 
Dulbecco’s modified Eagle’s medium with high glucose (4.5 $iter) 
supplemented with 10% fetal bovine serum, penicillin, and streptomy- 
cin.  LCFSN and LISN are murine amphotropic retrovirus vectors, the 
construction and production of which have been  described  previously 
(7). LCFSN contains the normal human CFTR  cDNA under transcrip- 
tional control of the promoter elements in the retrovirus vector  long 
terminal  repeat sequence and a neo‘ gene under control of an  internal 
SV40 promoter.  LISN was used to generate control  cells and contains 
the cDNA for the  a-subunit of the interleukin-2 receptor and  a neo’ 
gene. To generate clonal  cell ines, NIH-3T3  cells  were  seeded at 3 x 10+ 
celld60-mm plate and were infected the next day with LCFSN (har- 
vested from the packaging cell line clone  101;  Ref. 7) or with LISN at a 
multiplicity of infection of 0.01 G418  colony-forming unitdcell  in  the 
presence of 8 mg/ml  Polybrene. The day following  infection,  cells were 
passaged 1:20 into growth medium containing 0.25 mg/ml (active) G418 
to select for cells expressing the neo’ gene. After 10 days, discrete 
colonies were picked and expanded in culture. The CFTR-expressing 
cell  clones  described in  this report all had a single, intact provirus as 
determined by Southern blot analysis following  Hind111 and SstI diges- 
tions carried out as described  previously (7). 
Immunoblot Analysis of CFTR Protein-G4Wresistant 3T3 clones 
were assayed for CFTR protein using an affinity-purified rabbit poly- 
clonal antibody 858 described by Sarkadi et al. (10). Cells  were  grown on 
24-well plastic plates and washed with phosphate-buffered saline. 
Whole cells were solubilized directly from the wells with 62.5 mM Tris 
(pH  6.5),2% SDS, 6 M urea, 160 mM dithiothreitol, and 0.01% bromphe- 
nol blue. Electrophoresis of protein samples was carried out using pre- 
cast 4-15% gradient acrylamide gels  (Bio-Rad). Electroblotting of the 
proteins to  polyvinylidene  difluoride membranes (Bio-Rad) was carried 
out as previously described (11). 
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Whole Cell Voltage ClampAfter  2-5 days of culture on 35-mm plas- 
tic culture dishes, cells were studied on the  stage of an inverted micro- 
scope a t  22 "C  by the techniques of Hamill et al. (12). The  routine bath 
solution contained, in mditer :  NaCl or Tris-C1,150; MgC12,  2;  CaCl,, 1; 
and TES, 5 (pH 7.2). The effects of I- and gluconate on whole cell 
currents was assessed by dilution of the 150 mM NaCl solution with a 
solution of 150 mM NaI or 150 mM sodium gluconate, all  other  constitu- 
ents kept  constant.  The  pipette solution consisted of  Tris-C1-, 40; "is  
gluconate, 100; MgC12,  2; TES, 5  (pH 7.2). Ca2+ activity was buffered to 
-40 nM (1.0 mM EGTA and 0.1 mM CaC12). The  pipette solution always 
contained 3 mM MgATP. Other modifications are described in  the figure 
legends. The  membrane  potential of fibroblasts was  assessed as  the zero 
current clamp potential recorded within 10 s of establishing the whole 
cell configuration (Axopatch-lC, Axon Instruments). The capacitance 
that was applied to the voltage step to compensate for the slow current 
transient was recorded as whole cell capacitance. During whole cell 
voltage clamp, the  current required  to clamp the membrane  potential 
was recorded with a pen recorder (Gould RS 3200). The holding poten- 
tial was stepped to 60 mV for  0.45 s a t  10-s intervals (Axon Instruments 
pClamp software). Full current voltage relationships were obtained 
from a  series of 1-s pulses that covered the range -80 mV to 80 mV or 
140 mV in 20-mV increments, from a holding voltage of 0 mV. The 
resulting currents were digitized on line (Axon Instruments TL-1 DMA 
Interface) and stored on the  hard disk of a personal computer. 
Drugs-Intracellular CAMP was raised in fibroblasts by exposure to 
forskolin (25 p ~ )  (Sigma). The current sensitive to the stilbene DIDS 
(Aldrich) was defined as  the  current inhibited by 250 p~ DIDS. DIDS 
was dissolved in distilled water just before use. 
Cyclic  AMP  Metabolism-For measurement of intracellular CAMP 
levels, CFTR-expressing clones and controls were grown to confluence 
on 35-mm dishes and washed with Dulbecco's  modified Eagle's medium. 
For basal CAMP levels, media was aspirated and 2 ml of ice-cold 6% 
trichloroacetic acid was added to the cells. Cells and  supernatant were 
collected and centrifuged (1000 x g, 5 min). Pellets were neutralized  and 
proteins determined. Ether extracts of the  supernatants were reconsti- 
tuted  and assayed with a non-acetylated radioimmune assay kit (Ad- 
vanced Magnetics, Inc, Cambridge, MA). Stimulated CAMP levels were 
determined by the same procedure using cells that  had been exposed to 
0.5 mM IBMX for 30 min and IBMX plus 0.1 mM forskolin for 10 min. 
Rescue of the Clone 5 LCFSN  Provirus by Superinfection with MMLV 
-To rescue the LCFSN vector sequences into  retrovirus particles, clone 
5 cells (lo5 celld35-mm dish) were infected with the Moloney strain of 
murine leukemia virus (MMLV; obtained from  Dr. Larry Boone,  Well- 
come Research Laboratories, Research Triangle Park, NC) at  a multi- 
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FIG. 1. Immunoblot analysis of CFl'R protein. Western blot assay 
of CFTR protein expressed in Te4 human colon carcinoma cells (Ted),  
control fibroblasts infected with LISN (con), and five different G418- 
resistant fibroblast clones (#3, #5, #IO, # l l ,  #12) infected with 
LCFSN. Each lane of a 6 1 5 %  gradient acrylamide gel was loaded with 
35 pg of total cell protein. The bracket labeled CFTR represents  appar- 
ent molecular mobility of  150-180 kDa. 
TABLE I
Densitometric evaluation of expressed  CFTR protein 
3T3- Clone 
3 5 10 11 12 
Relative %absorbance" 0 100 60.4 91.3 37.4 10.9 
Absorbance of CFTR-immunospecific bands as a Dementage of 
plicity of infection of 0.001 infectious unitdcell. Following a 2-h  infec- 
tion, the cells were washed 3  times  with medium. On the following day 
the cells were passaged 1:20 into medium containing 0.5  mglml  G418. 
G418-resistant colonies were picked and expanded as described above. 
The clonal cell line that was studied in the most detail (clone  5.3) had 
a single, intact LCFSN provirus as determined above. In addition, clone 
5.3 was a non-producer of  MMLV;  no reverse transcriptase activity was 
detected in the medium (8), and no replication-competent retrovirus 
could  be detected using  a marker rescue assay performed essentially as 
described (9). 
Cellular Metabolism-Oxygen consumption (pVmg dry weighth) was 
measured polarographically. Suspensions of approximately 4 x lo6 
celldml were studied a t  37 "C under an atmosphere of 95% air, 5% CO,. 
The  dry weight of cells was obtained after overnight drying at  95 "C and 
correction for the weight of solution salts. ATP release (ndmg cell 
protein)  generated by sonication of whole cells in detergent was meas- 
ured in a luminescence photometer from the photons produced in a 
luciferin and luciferase assay  system and standardized  to the photons 
generated by known quantities of authentic ATP. 
Cell Proliferation-To determine growth rate, cells were plated in 
T-25 culture  flasks at  0.17 x IO6 celldflask. On subsequent  days cells 
were washed once and harvested by trypsinization. Trypsin was inhib- 
ited by soybean trypsin inhibitor. The cells were pelleted and resus- 
pended in Ham's F-12 medium. Three 1-ml samples from each flask 
were counted in duplicate by hemocytometry. 
RESULTS 
CFTR Protein Expression-We isolated 16 G4l8-resistant 
NIH-3T3 clones (clones 1-16) harboring a single copy of the 
LCFSN genome. Cells infected with a retrovirus vector (LISN) 
carrying a cDNA (a-subunit of the  interleukin-2 receptor),  pre- 
viously shown not  to affect C1- conductance  in human  airway 
epithelial cells, were  used as controls (7). On the basis of pre- 
liminary immunoblot analysis, five drug-resistant clones that 
encompassed the  apparent full range of expression were se- 
lected for complete characterization. Proteins isolated from 
these stably expressing clones by solubilization in 6 M urea 
displayed immune complexes that  had a similar mobility as the 
CFTR in protein extracted from T84 cells, included as a stan- 
dard for fully processed CFTR protein (10). Such staining  was 
completely absent  in protein from LISN-infected cells (Fig. 1). 
Densitometric estimates of the quantities of CFTR-specific 
staining present in protein of CFTR-expressing clones con- 
firmed  different levels of expression (Table I). The band repre- 
senting CFTR expressed by clone 12 cells was decreased in 
intensity  and  migrated  with a lower apparent molecular weight 
than CFTR expressed in  the  other fibroblast clones and T8, 
cells. 
Effect of CFTR on Membrane Potential-The membrane con- 
ductance of NIH-3T3 fibroblasts has been characterized previ- 
ously and found to be dominated by K+ conductances (16). We 
speculated that  the xpression of a C1- conductance could affect 
T- 
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FIG. 2. Membrane potential in control and  CFl'R-expressing 
fibroblast clones. The voltage required to clamp whole  cell current to 
zero was read from the patch-clamp amplifier within 5-10 s of estab- - 
maximum (clone 3). lishing the whole  cell configuration: n = -10-18/group. 
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resting fibroblast membrane  potential. Fig.  2  compares the cell 
membrane potential measured in 3T3 control cells and the 
CFTR-expressing clones. All cells expressing CFTR were depo- 
larized, relative to control. Clone 12 and 11 cells were least 
depolarized, and clone 10 cells were most depolarized. Cells 
from clones 3 and 5 were  depolarized to  an  intermediate degree. 
Whole Cell Conductance-Whole cell C1- currents  were 
measured  to  assess  the effect of CFTR expression on plasma 
membrane C1- conductance in fibroblasts. A prototypic experi- 
ment,  carried  out  in a clone 10 cell, is shown in Fig. 3A.  In cells 
of most G418-resistant clones that were infected with the 
CFTR retrovirus vector, outward currents at 60 mV were 
stimulated by forskolin. Elevation of intracellular CAMP 
caused no significant change in outward current in control 
cells. Because C1- was  the major permeant  anion  in our solu- 
tions and the cells contained only poorly permeant cations, 
outward  current at 60 mV is  carried by C1- influx. Currents 
activated by forskolin reversed near E,,- and  fit  other  criteria 
established for CFTR-mediated C1- current, including  a linear 
current voltage relationship,  little  sensitivity  to high concen- 
trations of the  stilbene DIDS (13)  and  greater  apparent selec- 
tivity for C1- over I- (14). 
Summary functional data for five 3T3 clones (clones 3,5,  and 
10-12) is  presented  in Fig. 30.  In  the upper panel  the  steady 
A. 
state whole cell conductance measured 4-8 min after  establish- 
ing  the whole cell configuration is plotted for each clone and 
control cells. The  bars  are  arranged  in order of lowest to  highest 
basal C1- conductance. The middle panel shows the forskolin- 
induced change  in  current,  whereas  data from the  same experi- 
ments is plotted as steady  state whole cell current  measured 
after activation by forskolin in  the lower panel. As anticipated, 
no current  was  stimulated by forskolin in cells that were not 
infected with CFTR. However, clone 12 cells, which made no 
high  molecular  weight  protein,  also had low basal  currents  and 
did not respond to forskolin. The  largest forskolin responses 
were measured  in clones 10 and 3, whereas  the forskolin re- 
sponses in clone 11 cells were consistently  smaller. In clone 5 
cells, which maintained  the most  elevated basal  currents,  there 
was typically no response of whole cell current  to forskolin. 
Increased basal  currents  in clones 10, 5, and 3 cells seemed 
to correlate inversely with decreased responsiveness of cur- 
rents  to forskolin. We examined.the  basal  current  in clone 5 
cells to  determine if it was mediated by CFTR protein that  was 
active under  basal conditions, or if it  was  due  to  other conduc- 
tances  that might arise as secondary effects of potentially  high 
levels of CFTR expression. The typical absent or small response 
of clone 5 cells to forskolin is  illustrated  in Fig. 4 A .  In  other 
experiments, however, the  large  basal  currents were found to 
Fonkolln 75 mM I- wash DlDS 150 mM 
B. 
gluconate 
Basal Forskolin 75 mM I' 
0.4 s 
C. 
-100 -50 0 50 100 
Clamp voltage (mv) Clamp voltage (mV) 
D. 
200 2 {Basal T 
1 
FIG. 3. CFTR C1- conductance function in 3T3 fibroblasts. A, representative whole cell current  trace  in  a  CFTR-expressing  fibroblast (clone 
10). Voltage was  held a t  -40 mV and  stepped  to 60 mV. B,  families of whole cell currents  in  response  to  a  voltage profile, taken from the  trace  in 
A at basal  steady  state,  after  forskolin  stimulation, or after iodide substitution.  The  voltage  was  held at 0 mV, and  was  stepped  from -80 mV to  
+80 mV in 20-mV increments. C, current-voltage  relationships from the  trace  in A above. D, cumulative  whole cell conductance  measured in  3T3 
fibroblasts,  values  are  mean f S.E. of 10-18 individual  measurements for each clone. Top, basal,  steady  state  current. Middle, change  in  current 
caused by forskolin. Bottom, steady  state  current following exposure to forskolin. 
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Drug  additions: forskolin (25 p ~ ) ,  DIDS (200 p ~ ) ,  and 50% NaI (75 mM) were  performed at the  times  indicated by the arrows. B,  C1- selectivity of 
FIG. 4. Basal whole cell C1- currents in clone 6 cells are mediated by CmR. A, representative whole cell current  trace  in  a clone 5 cell. 
elevated clone 5 basal  currents.  After  the  steady  state  basal lV relationship  was  recorded (squares), the 1-ml bath  was exchanged  with  a  150 mM 
(circles). The horizontal bar shown  is the  mean f S.E. of the new reversal  potential  recorded  in 6 such  experiments.  The  theoretical zero current 
sodium  gluconate bath that contained 6 mM C1-. The  final C1- concentration  after 5 exchanges  was  calculated  to be 8-10  mM. A new IV was  recorded 
potential for C1- (Ec,-) of 34 mV is  indicated by the arrow. C ,  DIDS  sensitivity of clone 5 basal  currents.  Steady  state whole cell currents prior to 
and  approximately 2 min  after  exposure  to 200 PM DIDS in  the  bath solution ( n  = 5). D, inhibition of clone 5 basal  conductance by 75 mM I-. After 
steady  state  basal  conductance  was  recorded,  the  1-ml  bath  was  diluted by the  addition  and  mixing of 1 ml of 150 mM NaI buffer, in  which  the 
composition of all  other  elements  was  maintained.  The  new  conductance  was  recorded  approximately 1 min  after  the  bath  was  changed (n = 6).  
*, p 5 0.01, paired t analysis. 
be carried predominately by C1- and  to exhibit distinguishing 
CFTR characteristics.  Substituting gluconate for bath C1- led 
to a strong  shift  in zero current  potential  to a value predicted 
for a dominant C1- conductance  (Fig. 4B). The  basal C1- cur- 
rents  in clone 5 cells were  DIDS-resistant (Fig. 4C), a result  not 
expected if the  basal  current  was mediated by volume regu- 
lated C1- conductance (15). Clone 5 basal  currents  were rou- 
tinely inhibited by 75 mM I- (Fig. 401, a characteristic  that  is 
unique  to CFTR compared to  other C1- conductances (13) Thus, 
the  large  basal  currents  in clone 5 cells exhibit the  hallmarks of 
CFTR-mediated current, even without maneuvers normally 
used to  raise  intracellular CAMP. 
CAMP Metabolism-The most obvious reason why  fibroblast 
clones might differ in  basal levels of CFTR-mediated C1- con- 
ductance  is  that  they  maintain different resting cAMP levels. 
We compared the CAMP metabolism of control and CFTR-ex- 
pressing cells directly. CFTR-expressing clones maintained  the 
same low basal level of CAMP as did control cells (Fig. 5 A ) .  
CFTR-expressing cells also  responded to  IBWforskolin expo- 
sure  with increased cAMP production that  was  similar among 
the clones and  not different from control cells (Fig. 5B) .  Thus, 
neither elevated basal CAMP levels or inability to produce 
CAMP can account for elevated basal CFTR-mediated current 
or inability to respond to forskolin. 
Rescue of the Clone 5 LCFSN Provirus-Because clone 5 cells 
expressed the  greatest CFTR-mediated basal  current  but  not 
the  highest level of high  molecular  weight CFTR protein, we 
considered other  potential  causes for the elevated basal  cur- 
rents  and lack of forskolin response  in  this clone. For  example, 
a mutation  that occurred during  reverse  transcription could 
conceivably cause CFTR to  have a lower threshold for CAMP- 
mediated  activation and  thus be responsible for increased basal 
current (17). This possibility was addressed by rescuing the 
LCFSN  provirus from clone 5 cells by superinfection with rep- 
lication-competent murine leukemia virus. Naive 3T3 fibro- 
blasts  were infected with  the rescued LCFSN. Clones of G418- 
resistant cells were selected as before, and non-producer clones 
were screened by whole cell patch-clamp analysis. A clone that 
appeared to have low resting currents and typical forskolin 
responses was  designated clone 5.3 and characterized further. 
Clone 5.3 had basal currents comparable to uninfected cells 
and responded to forskolin with  large C1- currents  that  were 
DIDS-resistant (Fig. 6) and inhibited by 75 mM I- (not shown). 
By Northern and Western blot analyses, clone 5.3 produced 
high levels of CFTR message and  protein  (not shown). Thus, 
the CFTR generated  in clone 5 cells did not function abnor- 
mally as the result of a mutation in the transduced CFTR 
cDNA, because the  same CFTR cDNA construct  expressed in 
another fibroblast clone led to  normal CFTR function. 
CFTR Effect on  Metabolism-By analogy with  other adeno- 
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FIG. 5 .  C A M P  levels in control and CFI'R-expressing fibro- 
blasts. A, basal levels of CAMP in control and four CFTR-expressing 
fibroblast clones.  Values are mean * S.E. of 5 individual measurements. 
B ,  CAMP levels measured in control and four CFTR-expressing  fibro- 
blast clones after stimulation by forskolin and IBMX, values are mean 
f S.E. of 4 individual measurements. 
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FIG. 6. Functional  expression of rescued  clone 6 CITR cDNAin 
fibroblasts. Naive fibroblasts were infected with CFTR  cDNA obtained 
from  clone 5 cells. Whole  cell conductance in rescued CFTR-expressing 
fibroblast clone (done #5.3). Control (basal), the change in conductance 
caused by the addition of forskolin (AcAMP), and post-CAMP steady 
state conductance (Stim) are plotted. n = 5 .  
sine-binding cassette  proteins, CFTR may bind and hydrolyze 
ATP (1). This led us to examine  the effect of CFTR expression 
on fibroblast  metabolism and ATP levels. Oxygen consumption 
by CFTR-expressing clones did not  vary  with level of expres- 
sion and  was  not different from that of control cells (Table 11). 
CFTR-expressing  cells  also maintained  total ATP levels that 
were  not  different from control cells (Table 11). 
CFTR Effect on Cell Growth-Our results indicated that 
CFTR expression increased C1- conductance and depolarized 
fibroblast membrane potential.  Hyperpolarization in  response 
to mitogens is  required for the  normal proliferative  response of 
3T3  fibroblasts (18). We examined the possibility that expres- 
sion of CFTR protein affected fibroblast  proliferation by con- 
structing growth  curves for high expressing clone 5 and clone 
10 cells, and low expressing clone 11 and clone 12  cells (Fig. 7). 
Compared to control  fibroblasts (3T3-LISN), fibroblast clones 
expressing low levels of CFTR protein grew at the  same  rate, 
doubling in  19 h during exponential  growth. In  contrast,  the 
high expressing clone 5 and clone 10 cells grew more slowly, 
with doubling times of 26.4 and 24.5 h, respectively, during 
exponential  growth. 
DISCUSSION 
The goal of this study was to develop a model system in 
which the functional  consequences of CFTR expression in non- 
epithelial cells could be compared on the  basis of the level of 
CFTR protein  expression. We utilized a previously described 
retrovirus vector, LCFSN (71, that  contains  the cDNA for hu- 
man CFTR and  the neo' gene as a selectable marker. We used 
NIH-3T3 fibroblasts  because they  are a widely studied cell line 
representative of fibroblast  function. To obtain fibroblast clonal 
cell lines  that expressed a range of CFTR, infected cells were 
exposed to G418 and surviving cells were selected and ex- 
panded. We compared expression of CFTR protein as quanti- 
tated by immunoblot analysis  with whole cell CFTR-mediated 
C1- current. 
Comparison of CFTR function and CFTR protein levels 
among five G418-resistant clones was initially complicated by 
an unexpected  phenomenon. Whereas some of the clones main- 
tained  basal  currents  and PDs in  the  range of control cells and 
then responded to forskolin with  brisk  increases  in  outward 
current  that  met  established  criteria for CFTR-mediated C1- 
conductance, other clones maintained  an elevated basal cur- 
rent, a depolarized membrane  potential  and  small or absent 
responses to forskolin. This  variation  in  basal function was  not 
traced  to different levels of production of CAMP or metabolism 
by the fibroblast clones we studied.  The  basal  currents  in clone 
5 cells, which had  the  largest  resting  currents  and no consistent 
responses to forskolin, were characterized by the  hallmarks of 
stimulated CFTR-mediated C1- conductance, DIDS resistance, 
and  inhibition by iodide. We considered the possibility that a 
mutation  in CFTR gave rise  to a constitutively  active molecule 
(171, but  this notion was discounted  because the CFTR cDNA 
rescued from clone 5 cells and infected into naive  fibroblasts 
had normal basal currents and responses to CAMP. Due to 
variation in spontaneous activity of CFTR C1- conductance 
among  the different clones, maximally stimulated C1- current 
in  the presence of elevated CAMP appeared  to be the  best func- 
tional basis for correlating CFTR function to CFTR protein 
levels for all  the clones we studied. 
In  order  to  better  quantitate  the production of CFTR protein, 
we developed an  improved immunoblot  procedure. CFTR was 
easily recognized in  the 6 M urea solubilized protein of CFTR- 
expressing clones as diffuse staining bands, which had the 
same mobility and  staining  pattern as the CFTR of Ts4 cells. 
Similar  bands were completely absent from LISN-infected fi- 
broblasts. This method of immunoblot analysis revealed a mi- 
gration pattern for CFTR-specific immunocomplexes that is 
similar  to  the electrophoretic pattern of radiophosphorylated 
and immunoprecipitated CFTR protein  first described by Gre- 
gory et al. (3). Three  bands of ascending apparent molecular 
weight were ascribed to unprocessed (band A), core-glycosy- 
lated  (band B), and fully glycosylated (band C) CFTR, respec- 
tively. The immunoblot of clone 12 protein revealed specific 
staining  that  was  nearly exclusively of low molecular  weight 
CFTR, analogous to  band A. In  contrast, most of the CFTR- 
specific staining of protein from clones that expressed CFTR- 
like  function (clones 11, 10, 5, and 3) appeared  in  higher  ap- 
parent molecular  weight bands, consistent with processed 
CFTR. 
When we compared the maximal CFTR function of each clone 
with  densitometric  estimates of CFTR protein in each clone, 
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Control and CFTR-expressing 3T3 fibroblasts were plated at  0.17 x lo6 
FIG. 7. Growth of control and CFTR-expressing fibroblasts. 
celld25-cm2 culture flask. Five flasks per cell group were plated. Cells 
were harvested and counted daily. Growth curves (x106 celldflask) are 
shown for control LISN (square), clone 5 (circle), clone 10 cells (tri- 
angle), clone ll (inuerted triangle), and clone 12 (diamond). 
the overall  correlation was reasonably good. However, examin- 
ing  the  data point by point permits a more detailed  interpre- 
tation. Clone 12 cells had no CFTR function and all of the  small 
densitometry  signal  due to CFTR-specific staining  was  in  the 
band A region. If it is  assumed  that  this band represents CFTR 
that  has  not been processed and  is  therefore  not  present  in  the 
plasma  membrane,  then  no functional response should have 
been detected for clone 12 cells. Because clone 12 cells were 
G418-resistant  and  made CFTR message, these observations 
may indicate  that a mutation  in  the CFTR coding sequence 
occurred during  the  reverse  transcription  step  to form proviral 
DNA that affected (translation  andor  stability) processing of 
the CFTR protein. This possibility is under investigation. 
Clones 3,5,  and  10  had  equivalent maximum whole cell current 
in  the presence of forskolin, and  these clones consistently dem- 
onstrated  the most high molecular weight CFTR-specific stain- 
ing on immunoblot. The  remaining clone, clone 11, had forsko- 
lin-stimulated whole cell current  and  high molecular weight 
CFTR staining  that  were  intermediate  to  the indices of CFTR 
expression in clone 12 cells on the one hand  and clones 3,5,  and 
10 on the other. 
Mitogens and growth  factors for fibroblasts typically raise 
intracellular Ca2+, resulting  in  activation f hyperpolarizing K+ 
conductances (16,18). Some CFTR-expressing  fibroblast clones 
(clones 3, 5, and  10) exhibited  CFTR-mediated C1- conductance 
under  resting conditions, and cells of these clones also had  the 
most  depolarized membrane potentials. We found that clone 5 
and clone 10 cells  grew at a significantly slower rate  than  the 
LISN control. This  finding is consistent with previous studies 
in NIH-3T3 cells that found mitogen  induced  hyperpolarization 
was  required  to  sustain  Ca2+ influx and proliferation  (18), and 
suggests  that  the xpression of CFTR C1- conductance in fibro- 
blasts  can lead to slower growth. 
Potentially  the  farthest  reaching implication of our  results is 
that ectopic expression of CFTR in non-epithelial cells may 
affect functions that  are physiologically important  in  the  organ 
targeted. Delivery of CFTR to  the  CF  lung  via  viral vectors that 
can be incorporated into  epithelial cells is  the object of intense 
applied research to correct the epithelial dysfunction that 
causes  CF  lung  disease  (1).  Our  study shows that  there  are 
functional consequences of virally mediated transduction of 
mouse  fibroblasts to produce CFTR. Introduction of the CFTR- 
mediated C1- conductance into fibroblasts resulted  in increased 
basal C1- conductance, depolarized membrane  potential,  and 
decreased  proliferation in vitro. The function of fibroblasts in 
the  lung involves maintenance of extracellular  matrix  that  is 
critical for the  repair processes ongoing in  the chronically in- 
fected CF lung. To carry out this function fibroblasts must 
secrete fibronectin and collagen and respond to chemotactic 
and proliferative signals (16). Depolarization and slower 
growth could compromise these processes. Other  lung cells that 
might be exposed to viral vectors  containing CFTR are mac- 
rophages and neurons. For these cells the depolarization of 
membrane  potential predicted from expression of  C1- conduct- 
ance may have more direct functional consequences than  in 
fibroblasts. Thus,  our  results point to  potential complications 
from inadvertent expression of CFTR in non-epithelial cells 
that  contribute  to  normal  pulmonary defense  mechanisms. 
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